After dissolved oxygen, ammonia-nitrogen buildup from the metabolism of feed is usually the limiting factor to increasing production levels in intensive aquaculture systems. Currently, large fixed-cell bioreactors are the primary strategy used to control inorganic nitrogen in intensive recirculating systems. This option utilizes chemosynthetic autotrophic bacteria, ammonia-oxidizing bacteria (AOB), and nitrite-oxidizing bacteria (NOB). Zero-exchange nitrification management systems have been developed based on heterotrophic bacteria and promoted for the intensive production of marine shrimp and tilapia. In these systems, the heterotrophic bacterial growth is stimulated through the addition of an organic labile carbonaceous substrate. At high organic carbon to nitrogen (C/N) feed ratios, heterotrophic bacteria assimilate ammonianitrogen directly from the water, replacing the need for an external fixed film biofilter. As a result, build-up of suspended solids may become the second limiting factor after dissolved oxygen. This paper reviews two nitrogen conversion pathways used for the removal of ammonia-nitrogen in aquaculture systems; autotrophic bacterial conversion of ammonianitrogen to nitrate nitrogen, and heterotrophic bacterial conversion of ammonia-nitrogen directly to microbial biomass. The first part of this study reviews these two ammonia removal pathways, presents a set of balanced stoichiometric relationships, and discusses their impact on water quality. In addition, microbial growth energetics are used to characterize production of volatile and total suspended solids for autotrophic and heterotrophic systems. A critical verification of this work was that only a small fraction of the feed's carbon content is readily available to the heterotrophic bacteria. For example, feed containing 35% protein (350 g/ kg feed) has only 109 g/kg feed of labile carbon. In the paper's second part, the results of a study on the impact C/N ratio on water quality is presented. In this experimental trial sufficient labile organic carbon in the form of sucrose (sugar) was added daily at 0%, 50%, and 100% of the system feeding rate to three prototype zero-exchange systems. The system was stocked with marine shrimp (Litopenaeus vannamei) at modest density (150 /m 2 ) and water quality was measured daily. Significant differences were seen between the three strategies in the key water quality parameters of ammonia-nitrogen, nitrite-nitrogen, nitratenitrogen, pH, and alkalinity. The control (0%) system exhibited water quality characteristics of a mixed autotrophic/heterotrophic system while the other two systems receiving supplemental organic carbon (50% and 100%) showed water quality characteristics of pure heterotrophic systems.
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INTRODUCTION
The three pathways for the removal of ammonia-nitrogen in traditional aquaculture systems are: photoautotrophic (algae), autotrophic bacterial conversion from ammonia-nitrogen to nitrate nitrogen, and heterotrophic bacterial conversion from ammonia-nitrogen directly to microbial biomass, a more recent management method. Traditionally, pond aquaculture has used photoautotrophic algae-based systems (greenwater systems) to control inorganic nitrogen buildup. In intensive recirculating aquaculture production systems, large fixed-cell bioreactors are routinely used that rely on the nitrification of ammonia-nitrogen to nitratenitrogen by ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) (Timmons and Ebeling 2007) . In intensive recirculating systems, the growth of heterotrophic bacteria and the accumulation of organic carbon and nitrate are minimized intentionally through the rapid removal of solids from the system and through water exchange. It has been demonstrated that for zero-exchange pond production systems, the inorganic nitrogen build-up can be controlled by the manipulation of the organic carbon/nitrogen (C/N) ratio in such a way to promote the growth of heterotrophic bacteria (Avnimelech 1999 (Avnimelech , 2009 . McIntosh (2001) demonstrated that heterotrophic bacteria assimilated the ammonianitrogen directly from the water column, producing cellular protein in a marine shrimp pond system. As an additional benefit, for some aquaculture species (marine shrimp and tilapia), this bacterial biomass can be an important source of feed protein, thus reducing the cost of production and improving the overall production economics (McIntosh 1999 , Moss 2002 ).
In the last few years, research has demonstrated that low water exchange marine shrimp production systems can be technically feasible LaFranchi 1990, Santos and . Large-scale pond production systems for marine shrimp have been demonstrated that are zero-exchange and are dominated by photoautotrophic algae (Hopkins et al. 1996 , Avnimelech et al. 1994 . Management of these systems has been improved by supplementing the shrimp feed with additional feeding of organic labile carbonaceous substrate to support and enhance microbial metabolism (Avnimelech 1999 (Avnimelech , 2009 McIntosh 1999) . Several attempts have been made to develop technology for recirculating marine shrimp production systems at high densities (Weirich 2002 , Otoshi 2003 , Davis and Arnold 1998 , Van Wyk 1999 , although it should be noted that in addition to algae and bacterial biomass each of these also incorporated some form of fixed-film biofiltration.
In reviewing the literature on zero-exchange systems, there was usually no description of the pathways employed for ammonia removal and whether the removal was fundamentally photoautotrophic, autotrophic, or heterotrophic bacterial based, or in reality some mixture of the three. One exception was work done by Brune et al. (2003) who examined simplified microbial growth fundamentals to analyze and compare conventional and heterotrophic techniques to the use of high rate photosynthetic systems. That paper presents a short review of two of these three pathways for the removal of ammonia-nitrogen and the results of a study conducted on the impact of C/N ratio on water quality. In these trials, supplemental carbon beyond that found in the feed in the form of sucrose (sugar) was added daily at 0%, 50%, and 100% of the shrimp feeding rate to three prototype zero-exchange systems. Every attempt was made to minimize photoautotrophic processes by shading the three systems with two layers of shade cloth (blocking 90% of the sunlight) and by high concentrations of total suspended solids (TSS). Although not measured at the time due to a limitation on resources, it was assumed that the role of photoautotrophic bacteria was minor in comparison to the heterotrophic and autotrophic bacteria populations. Thus, only the autotrophic and heterotrophic bacterial pathways were considered in the analysis.
Background: metabolic pathway for 1 kg feed (35% protein)
What follows is a short description of the metabolic pathway options for 1 kg of 35% protein feed and their impacts on water quality parameters. Ebeling et al. (2006) developed a set of stoichiometric relationships for the three pathways and discussed their impact on water quality. Based on these relationships, the fate of nitrogen can be determined for aquaculture systems without organic carbon supplementation and with varying degrees of added organic carbon.
Autotrophic/Heterotrophic bacteria -no carbon supplementation
If we examine a simple zero-exchange system with no supplemental organic carbon addition, the solids remain in the production tank and all of the organic carbon from decomposing feed and fecal matter is available to the heterotrophic bacteria (Figure 1 ). Normally in recirculating systems, uneaten feed and fecal matter containing organic carbon is quickly removed from the production system to prevent growth and build up of heterotrophic bacteria. In recirculating systems, heterotrophic bacteria are detrimental; in zero-exchange systems heterotrophic bacteria can be beneficial. Since the growth rate of heterotrophic bacteria is significantly higher than that of autotrophic bacteria (Table  1) it is assumed that the heterotrophic bacteria will initially dominate the metabolism of ammonia-nitrogen until the organic carbon source becomes the limiting factor. The remaining ammonia-nitrogen not assimilated by the heterotrophic bacteria will then be assimilated by the autotrophic bacteria using alkalinity as an inorganic carbon source.
For this analysis, marine shrimp are being grown. For every kg of feed at 35% protein, approximately 50.4 g of ammonia-nitrogen will be generated Ebeling 2007, Brune et al. 2003) . This was estimated based on the chemical composition of protein (0.16 g nitrogen per g of protein) and that 90% of the nitrogen is being excreted by the shrimp, (Brune et al. 2003) (Zhu and Chen 2001, Brune et al. 2003) . Using a yield fraction of 0.40 kg VSS H (Heterotrophic) per kg BOD (Avnimelech 1999 , Brune et al. 2003 ) and a BOD excreted content of 0.36 kg per kg feed, suggests that a kg of feed should generate approximately 144 g of VSS H . Since bacterial biomass contains 53.1% C and 12.3% N based on its stoichiometry (Ebeling et al. 2006) , this heterotrophic microbial biomass would assimilate approximately 17.9 g nitrogen and 76.5 g of organic carbon. In addition in the research trials conducted by the author, the long-term ratio of VSS to TSS for an autotrophic/heterotrophic system was found to average about 0.72. Thus, approximately 200 g of heterotrophic bacterial TSS H are produced for every kg of feed fed into a system.
Note that since only 36% of the nitrogen is assimilated into cell mass by the heterotrophic bacteria, the remaining nitrogen (32.5 g N) is thus available to the autotrophic bacterial population. Using a yield fraction of 0.20 g VSS A (Autotrophic) /g N (Table 1) produces 6.5 g VSS A from 1 kg of feed. Using the same C/N ratios listed previously yields 0.80 g of nitrogen and 3.45 g of carbon assimilated by the autotrophic microbial biomass from 1 kg of feed @ 35% protein. Thus only 0.80 g of nitrogen is incorporated into the autotrophic bacteria, and the remaining is excreted as nitrate-nitrogen. Using the same ratio of TSS to VSS listed previously, only 9.0 g of TSS A for every kg of feed is produced by the autotrophic bacteria. Combining the two forms of TSS yields a total of 209 g TSS produced per kg feed. It is interesting to note that only about 1.6% of the available nitrogen is actually contained in the autotrophic microbial biomass and about 36% in the heterotrophic microbial biomass. In addition, the mass of heterotrophic bacteria is more than twenty times the mass of the autotrophic bacteria produced.
It is somewhat more difficult to follow carbon consumption, since the carbon source can be either organic carbon from the feed (heterotrophic) or inorganic carbon from alkalinity (autotrophic). Using the stoichiometric relationships developed in Ebeling et al. (2006) , the total carbon consumed by the heterotrophic process is 123.5 g C, divided between organic carbon (108.2 g C feed ) metabolized directly by the heterotrophic bacteria and the depletion of alkalinity, which provides the source of the remaining inorganic carbon consumed (15.3 g C alkalinity ). All of the inorganic carbon consumed by the autotrophic bacteria (55.8 g C alkalinity ) comes from alkalinity. Thus a total of 179.3 g of C per kg of feed is consumed by this pathway. This is divided between organic carbon (108.2 g C feed ) and alkalinity carbon (71.1 g C alkalinity ) or 293 g of alkalinity as CaCO 3 . Thus, if feed contains on average approximately 40% to 50% carbon, then only about 25% of that organic carbon is available to the heterotrophic bacteria as labile carbon. In addition, 220 g of oxygen are consumed and 363 g of carbon dioxide are produced.
The percent protein content of feed determines the ratio of autotrophic versus heterotrophic removal of ammonia-nitrogen. This is because of the direct relationship between protein content and quantity of ammonianitrogen that is generated and that only a fixed quantity of labile carbon is available from the feed. Using the same procedure as outlined previously, the ratio of autotrophic and heterotrophic removal was calculated for a range of protein content in the feed (Figure 2 ). This figure shows that as the protein content of the feed increases, the percent removal of ammonianitrogen by the autotrophic pathway increases from complete removal by heterotrophic bacteria at 12.4% protein content to 75% removal of ammonia-nitrogen by the autotrophic pathway at 50% protein content.
Heterotrophic bacteria -carbon supplementation
Consider next a zero-exchange system where organic carbon is added to make up the difference between what is available from the feed and the total demand by the heterotrophic bacteria for complete conversion of all available nitrogen (Figure 3 ). From the above analysis, 32.5 g of nitrogen needs to be consumed by the additional heterotrophic bacteria from the supplemental organic carbon source. From Table 1 , 8.07 g VSS H per g of N are produced, thus an additional 262 g VSS H are generated by the supplemental carbon. This additional VSS H requires 225 g of carbon, divided between organic carbon (197 g C S (Substrate) ) metabolized by the heterotrophic bacteria and the depletion of inorganic carbon (28 g C alkalinity ). Thus the total VSS H generated is 406 g per kg feed. The research described later in this paper found a TSS to VSS ratio of 81%, Carbohydrate is 40% Carbon ⇒ 492 g carbs ______________________________________________________________________ which then suggests a total TSS H production of 500 g for every kg of feed. Thus a total of 349 g of C per kg of feed is consumed by this pathway, with the heterotrophic bacteria metabolizing all available organic carbon from the feed (109 g C feed ) and the supplemental organic carbon (197 g C S ) added to the system. In this case sucrose (C 12 H 22 O 11 ) at 42% carbon was used requiring 470 g sucrose per kg feed. Concurrently, inorganic carbon as alkalinity was depleted (43.3 g C alkalinity ) or 180 g of alkalinity as CaCO 3 . In addition 220 g of oxygen are consumed and 486 g of carbon Ebeling et al. 2006) . dioxide are produced, while 237 g of oxygen (50.4 g NH 3 -N x 4.71 g oxygen per g of nitrogen produced) are consumed and 486 g of carbon dioxide are produced.
Autotrophic Heterotrophic

MATERIALS AND METHODS
The two pathways for nitrogen removal are very different in terms of substrate utilization, bacterial biomass generated, and by-products produced. The difficulty in practical application is that both may be present to some degree depending upon the availability of inorganic and organic carbon. The ability to control the C/N ratio by feed formulation, solids removal, or addition of organic carbon allows the aquaculture producer to manage what type of system is used. To examine this potential, a study was conducted where supplemental organic carbon in the form of the carbohydrate (sucrose) was added daily at 0%, 50% and 100% of the shrimp feed rate to three prototype zero-exchange systems. These systems had been operated for several months as marine shrimp juvenile production systems and all had well-developed and stable bacterial communities. The three systems were stocked with 675 Litopenaeus vannamei marine shrimp at a density of 150/m 2 with an initial average weight of 3.60 g.
Juvenile Production System
The juvenile production system (Figure 4 ) consisted of rectangular fiberglass tanks, measuring 1.22 m x 3.66 m x 0.76 m (4 ft x 12 ft and 30 in). Water depth was maintained at 61 cm (24 in) with an outside standpipe. Outside standpipes, 5 cm (2 in) in diameter were used to manage water removal and control water depth. A 7.6 cm (3 in) PVC drain line pipe was used to remove water or to harvest shrimp in bulk. In addition, a 1/4 in PVC mesh screen was placed at the discharge from the tanks. Tanks were initially covered with 1/4 in PVC mesh tops, but shade cloth was added within the first week to help reduce stress on the juvenile shrimp and limit growth of photoautotrophic algae.
Two titanium, 1.8 kW, 240 VAC bayonet style heaters were mounted in each tank to maintain system temperature at approximately 30 ± 2ºC. Aeration in the tanks was provided by four 5 x 30 cm (2x12 in) air stones and two 3.66 m (12 ft) lengths of aeration hose on each side of the bottom of each tank. The aeration hose provided good mixing by creating two counter-rotating cells along the long axis of the tank. Additional air stones were used when needed to maintain dissolved oxygen levels above target levels of 4.0 mg/L. Two automatic vibratory feeders hung above the tanks dispensed feed every 2 hours from 8 am to 10 pm. Fresh water was added as needed to make up for evaporation and other minor losses. A clarifier (Figure 4 ) was used to harvest suspended solids from the tank when the TSS approached 450 mg/L. Figure 5 shows the weekly average weight of a sample of approximately 50 to 100 animals. Over the first four weeks of
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growout, survival averaged 90% in the three tanks with an average feed conversion ratio (FCR) of 1.8. During this phase of research, the shrimp were seen primarily as 'food processors' for conversion of the feed to either small organic particles or fecal matter.
Water quality analysis
Dissolved oxygen, temperature, and salinity were measured daily between the hours of 0800 to 0900 h. At the same time, grab samples were taken and filtered through 8 -12 µm filter paper (506-59 filter paper, Hach Company, Loveland, CO, USA) with the filtrate then used to determine dissolved constituent concentrations, TAN, nitrite-nitrogen, nitratenitrogen, pH, and alkalinity. In addition, daily samples were also analyzed for TSS and VSS. Weekly samples were analyzed for total organic carbon and total nitrogen. Standard methods were routinely used and, where appropriate, primary standards were analyzed along with the samples for quality assurance (Table 2) . 
RESULTS
Water quality
Water quality data for the three treatments over the research period is presented in Table 3 . Overall water quality in all three systems was maintained within the range for optimal shrimp growth and survival. Note the substantial difference in nitrate-nitrogen (54.7 versus 7.7 mg/L) and alkalinity (183 versus 328 mg/L) between the control system and the two systems receiving supplemental carbon. Figures 6 through 9 show the impact of the three treatments (control, sucrose at 50% and 100% of feed rate) on TAN, NO 2 -N, NO 3 -N, and alkalinity over the 10-week research period.
There was a substantial difference in nitrate-nitrogen, alkalinity, and pH for the three treatments. Since the control tank received no supplemental organic carbon, it should exhibit water quality that is a combination of a heterotrophic and autotrophic system. For example, Table 1 shows a lower mean pH for the control versus the two other treatments, which would be expected in an autotrophic system because of the alkalinity reduction due to H + production. The impact of the autotrophic bacteria is especially apparent in Figures 8 and 9 , with the increase of nitrate-nitrogen and the rapid decline in alkalinity. The alkalinity became so low that sodium bicarbonate was added on day 58 to increase it above the minimum recommended level of 150 mg/L (Timmons and Ebeling 2007) . In all three systems, TAN increased slowly over the research trial, but was never higher than 1.5 mg/L -N. For the control, nitrite-nitrogen was typically less than 0.1 mg/L, although it reached a maximum of 0.2 mg/L near the end of the 10 week research period. Table 3 . Average water quality for the three treatments over the study period. Both treatments (50% and 100% of feed as carbohydrate) exhibited similar pH values. The pH decreased slightly during the initial startup phase, then increased and finally remained constant throughout the trial around a pH of 8.3. The direct conversion of ammonia-nitrogen to bacterial biomass in these systems is demonstrated in Figure 8 , where the nitrate-nitrogen concentrations are either very low or at barely detectable limits. The limited number of autotrophic bacteria implies that very small quantities of nitrite-nitrogen or nitrate-nitrogen is produced. The higher than expected nitrite-nitrogen concentrations in the 50% of feed as sucrose (Figure 7 ) might be explained by a limited population of autotrophic bacteria that are inhibited by the high carbon/nitrogen ratios in the system from completing the conversion of TAN to nitrate (Zhu and Chen 2001, Michaud et al. 2006) . Near the end of the growout, the concentration of nitrite-nitrogen was significantly reduced, although it should be noted that at no time was the concentration high enough to have any significant impact on the marine shrimp juveniles. The fact that the alkalinity (Figure 9 ) increased and then remained constant during the growout trial is unexplained. Theoretically, alkalinity should be consumed by the heterotrophic bacteria, although at a much lower rate than for an autotrophic system. One explanation might be the recovery of alkalinity during some limited denitrification that may have occurred. Denitrification might be occurring in the interior of the large floc particles, where oxygen would be limited and anoxic conditions would prevail, which would potentially cause denitrification.
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Mathematical model
A simple model to predict VSS and TSS concentrations in the three systems was written using an EXCEL® spreadsheet (Microsoft Office, Redmond, WA, USA). The three systems were modeled as a mixed autotrophic/heterotrophic system (control) and as a pure heterotrophic system (50% and 100% of feed as sucrose). As was shown earlier, the amount of sucrose required to fulfill the carbon requirement to consume all of the ammonia-nitrogen produced by the feed is approximately 470 g sucrose / kg feed, or 47% of the feed as sucrose. As a result, the system supplemented with 50% of feed as sucrose should be a pure heterotrophic system, the system supplemented with 100% of feed as sucrose should be overdosed, and the effect on resulting TSS is unknown.
Alkalinity (CaCO
)
In the case of the control, the model: allocated the daily feed organic carbon to heterotrophic bacterial production, Finally in the case of 100% feed as sucrose, it was observed that significant quantities of TSS were produced in excess of the available nitrogen. Thus the assumption was made that somehow there was sufficient nitrogen in the water column to react with all of the available carbon from the sucrose. In each case, the TSS values were estimated based on the long term average of the measured ratio of TSS to VSS determined during the course of this research period for the heterotrophic system.
The results of these models are shown in Figures 10 through 12. Figure  10 shows excellent agreement between the model and the actual measured TSS concentrations. The saw-tooth nature of the TSS data reflects the periodic harvesting of bacterial biomass using a cone-bottom clarifier. The model was restarted after each harvest of biomass from the tank using the experimentally determined TSS value for the starting point. The control tank required solids culling approximately every three weeks in order to maintain tank TSS concentrations below 450 mg/L. 
TSS concentration TSS concentration
Analysis of bacterial control of ammonia-nitrogen in shrimp production systems Figure 11 reflects what would occur if sufficient carbon supplementation was available to completely convert all metabolic ammonia-nitrogen to bacterial biomass. The model predictions and the observed data agree quite closely, although in some cycles the model tended to over predict TSS values as a solids harvesting event was about to occur. Due to the rapid production of biomass, the production system was culled of excess bacteria on average every ten days.
The results of excess carbon supplementation (100% of feed as carbohydrate), in this case twice what is stoichiometrically required, is shown in Figure 12 . The assumption that there was sufficient nitrogen to react with all of the available carbon from the sucrose appears to be verified in this instance. The source of this nitrogen, which is beyond that provided by the shrimp feed, is unknown. One of the problems with excess carbon supplementation is the large quantity of bacterial biomass that is generated, requiring frequent (every five days) harvesting of excess biomass. Figure 13 shows the dissolved organic carbon (DOC) concentration in the three treatments over the ten week research trial. As can be seen, there appears to be no major difference in the DOC between treatments and there was a consistent increase in the DOC over the growout period. This is probably the result of the gradual buildup in all the systems of humic substances, the 'tea' color seen in intensive recirculation systems that accumulates when ozone or UV is not used to remove it. Humic substances correspond to the non-biodegradable part of the dissolved organic carbon and are not available as a carbon source to the bacteria. Humic substances are hydrophobic dissolved organic matter produced by the auto-oxidation of polyunsaturated fatty acids released by fish feces, uneaten feed, and the lysis of dead bacteria. Figure 14 shows the results of a mass balance on nitrogen for the autotrophic/heterotrophic system without carbon supplementation and with periodic harvesting of excess bacterial biomass. The amount of total nitrogen (Total Nitrogen -Model) was calculated using the VSS concentrations predicted by the previously presented model and assuming it contained 12.4% nitrogen based on the stoichiometry of bacterial biomass. Total Nitrogen -Experimental Data represents the Analysis of bacterial control of ammonia-nitrogen in shrimp production systems sum of the nitrogen contained in the experimentally measured VSS plus experimentally measured concentrations of TAN, NO 2 -N, and NO 3 -N. The Measured Total Nitrogen is the sum of the nitrogen contained in the experimentally-measured VSS plus the experimentally-measured Total Nitrogen. Finally, the total nitrogen-feed is the estimated nitrogen content of the feed (35% protein), 0.0504k g N/ kg feed.
Dissolved organic carbon and total nitrogen
In Figure 14 , the stair step nature of total nitrogen can be seen as bacterial biomass is removed from the system even as the cumulative total nitrogen from the feed steadily increases. The experimentally measured value for total nitrogen falls below the model for several possible reasons including the difficulty in measuring nitrate-nitrogen accurately with the analysis methods employed and the impact of denitrification, especially noticeable near the end of the research period. The use of total nitrogen appears to do a better estimation of the nitrogen and also shows a reduction near the end of the research period, most likely due to denitrification. Interestingly, over the growout period almost all the nitrogen remains in the system. Figure 15 shows the impact of carbon supplementation at 50% of the feed as sucrose on the system with excess bacterial biomass and nitrogen being periodically removed from the system. Since this is a pure heterotrophic system, there is no nitrate-nitrogen created. Thus the system's total nitrogen remains at very low levels, fluctuating within a very narrow range, even as the cumulative total nitrogen steadily increases. The system supplemented at 100% of feed as sucrose showed similar characteristics, except for a greater rate of increase in nitrogen per harvesting cycle and a need for more frequent culling of biomass.
CONCLUSIONS
The pathways for nitrogen removal are very different in terms of substrate utilization, bacterial biomass generated and by-products generated. Using simple stoichiometry for autotrophic and heterotrophic bacteria, it is possible to characterize and model the two pathways for nitrogen removal. The difficulty in practice is that each bacterial pathway may be present to some degree and the bacterial communities associated with each will compete for the same substrate, possibly resulting in dominance by one group over another. The ability to control the carbon to nitrogen ratio by feed formulation, solids removal, or addition of organic carbon allows the aquaculture producer to manage what type of system is created.
